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SUMMARY 

The  aerodynamic  characteristics  of  a  l/3rd  scale  155  mm  artillery 
shell  model  were  measured  as  a  preliminary  step  in  a  program  to  assess  the 
feasibility  of  using  nose  mounted  controls  on  a  spinning  projectile  to  control 
its  flight  path  and  hence  its  point  of  impact.  Tests  were  conducted  for 
Reynolds  numbers  of  1.0  to  4.0  x  10  ,  incidences  of  zero  tc  20°,  Mach 
numbers  of  0.7  to  1.8,  and  roll  rates  of  zero  to  400  rev/s.  Results  indicate 
that  the  use  of  nose  mounted  controls  to  control  the  attitude  and  hence  the 
flight  path  of  a  155  mm  shell  is  unlikely  to  be  very  effective  within  the 
subsonic  and  transonic  Mach  number  range. 


DST04 

SALISBURY 


(C)  COMMONWEALTH  OF  AUSTRALIA  1989 


POSTAL  ADDRESS:  Oirector,  Aeronautical  Research  Laboratory, 

P.0,  Box  4331,  Melbourne,  Victoria,  3001,  Australia 


CONTENTS 


r 


Page 


NOTATION 

1.  INTRODUCTION  .  1 

2.  EXPERIMENTAL  DETAILS  .  I 

2.1  Model  and  balances  .  1 

2.2  Experimental  procedure  .  2 

2.2.1  Non-spinning  tests .  2 

2.2.2  Spinning  tests .  3 

2.3  Accuracy  of  results  . 3 

3.  PRESENTATION  AND  DISCUSSION  OF  RESULTS .  4 

3.1  Presentation  of  results  .  4 

3.2  Test  results . 5 

3.2.1  Non-spinning  tests .  5 

3.2.2  Spinning  tests .  6 

3.3  Concluding  remarks .  7 

REFERENCES  .  7 


FIGURES  1  -  12 
DISTRIBUTION  LIST 
DOCUMENT  CONTROL  DATA 


□  □ 


NUIAUUN 


C(x) 

Axial  force  coefficient  = 

X 

qS 

C(Y) 

Side  force  coefficient  = 

Y 

qS 

C(Z) 

Normal  force  coefficient  = 

Z 

qS 

C(l) 

Rolling  moment  coefficent  = 

1_ 

q5D 

C(m) 

Pitching  moment  coefficient  = 

m 

qSD 

C(n) 

Yawing  moment  coefficient  = 

n 

qSD 

CP(Z) 

Position  of  centre  of  pressure 

in  the  pitch  plane 

CP(Y) 

Position  of  centre  of  pressure 

in  the  yaw  plane 

M 

Mach  number  of  the  free  stream 

Red 

Reynolds  number  of  free  stream, 
maximum  body  diameter 

based  on 

5 

Maximum  body  cross  sectional  area, 

(reference  area) 

0 

Maximum  body  diameter  (reference  length) 

u. 

Velocity  of  free  stream 

X 

Axial  force 

Y 

Side  force 

z 

Normal  force 

1 

Rolling  moment 

it) 

Pitching  moment 

n 

Yawing  moment 

u) 

roil  rate;  clockwise  from  rear 

is  ♦ve 

t 

Cl) 

non-dimensional  roil  rate  = 

wbO 

zu*. 

Q 

dynamic  pressure  of  free  stream 

0 

pitch  angle  (incidence)  relative  to  free  stream 

4> 

roll  angle 

1.  INTRODUCTION 


This  report  presents  the  results  of  a  series  of  tests  on  a  1/3  scale  model 
of  a  155  mm  standard  artillery  shell  conducted  in  the  S-l  Wind  Tunnel. 
These  tests  were  conducted  to  determine  the  aerodynamic  characteristics  of 
the  shell  at  various  spir.  rates,  and  over  a  range  of  attitudes  and  Mach 
numbers.  This  work  was  a  preliminary  step  in  a  program  to  assess  the 
feasibility  cf  using  nose  mounted  controls  on  a  spinning  projectile  to 
control  its  flight  path  and  hence  its  point  of  impact. 

The  basic  equipment  for  wind  tunnel  testing  of  rapidly  spinning  models 
already  existed  as  a  result  of  a  similar  study  of  a  105  mm  artillery  shell 
in  late  1977  (see  Reference  1  for  details)  and  this  equipment  required  only 
minor  modifications  to  accommodate  the  new  model.  The  tests  were  carried 
out  during  August  and  September  of  1987.  This  work  has  been  reported 
earlier  in  reports  prepared  for  meetings  of  the  TTCP  technical  panel  W-2, 
and  the  CAARC  Aerodynamics  Coordinators  (Ref.  2  and  3). 


2.  EXPERIMENTAL  DETAILS 


2.1  Model  and  balances 

Figure  1  shows  the  basic  dimensions  of  the  l/3rd  scale  standard  155  mm 
artillery  shell  model.  All  model  dimensions  were  obtained  from  full 
scale  shell  drawinqs,  except  for  the  details  of  the  drive  band,  which 
were  deduced  from  an  examination  of  the  drawings  of  the  qun  barrel 
rif’inq  grooves.  In  figure  1  it  may  be  seen  that  the  direction  of  the 
rifling  grooves  on  the  drive  band  is  opposite  to  that  on  the  full  size 
shell.  This  is  because  the  roll  drive  motor  operates  only  in  the 
opposite  sense  to  the  rotation  of  the  full  size  shell.  Consequently, 
all  spin  rates,  Magnus  forces  and  Magnus  moments  were  of  opposite  sign 
to  those  existing  on  the  full  size  shell.  To  avoid  confusion,  in  the 
presentation  of  results  these  signs  have  been  reversed  to  give  data 
appropriate  to  the  spin  direction  of  the  full  size  shell. 

Two  different  balances  were  used  for  non-spinning  and  spinning  tests 
respectively.  Figure  2a  shows  the  model  mounted  on  the  non-spinning 
balance,  which  is  a  conventional  6  component  strain  gauge  sting 
balance,  while  figure  2b  shows  the  model  mounted  on  the  Magnus 
balance,  which  is  a  4  component  balance  (mezu-rinq  C(Y),  C(Z),  C(m)  t, 
C  ( n } ) . 

Figure  3  shows  the  internal  details  of  the  drive  and  roll  rate 
measuring  system.  The  model  was  mounted  on  the  shaft  of  a 
sliding-vane  type  air  motor,  which  incorporated  an  air-bearinq  for  low 
friction  radial  support,  and  this  then  fitted  to  a  strain  gauge  stinq 
balance.  High  pressure  air  for  the  motor  was  supplied  through  the 
hollow  core  of  the  balance,  and  low  pressure  air  for  the  air-bearing 
was  supplied  through  two  thin  tubes  taped  to  the  outside  of  the  sting. 
Model  roll  rate  was  monitored  by  a  LED-pbotodiode  roll  rate  pickup, 
mounted  on  the  sting  and  triggered  10  times  during  each  revolution  of 
the  model.  Roll  rate  control  was  effected  by  varying  the  air  supply 
pressure  to  the  motor. 
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Since  spin  rates  of  up  to  400  rev/s  were  required,  careful  dynamic 
balancing  of  the  model  was  necessary  before  wind  tunnel  tests  were 
commenced.  This  was  accomplished  outside  the  tunnel  with  the  model 
mounted  on  the  strain  gauge  balance  and  the  balance  outputs  monitored 
on  a  CRO  screen.  Observation  of  the  amplitude  and  phase  of  the 
outputs  as  the  model  was  spun  enabled  small  masses  to  be  determined 
and  positioned  on  the  outside  of  the  model  to  compensate  for  the 
imbalance  observed.  These  balancing  masses  were  then  replaced  by 
internal  masses  and  the  model  spun  again  as  a  check.  Excellent 
balance  was  obtained,  with  only  one  fairly  "noisy"  resonant  area  at 
about  35  rev/ s,  corresponding  to  resonant  oscillation  at  the  natural 
frequency  of  the  model /ba 1 ance  system.  This  spin  rate  was  therefore 
avoided  where  possible  during  the  wind  tunnel  tests. 


2.2  Experimental  procedure. 

All  tests  were  conducted  in  the  360  mm  x  360  mm  workinq  section  of 
the  continuous  flow  wind  tunnel  S-l  at  the  Flight  Mechanics  and 
Aeropropul sion  Division,  of  ARL-Sal i sbury.  Data  for  the  Mach  number 
range  of  0.7  to  1.0  were  obtained  using  slotted  top  and  bottom  walls 
in  the  working  section,  while  fixed  supersonic  nozzles  were  fitted  for 
the  supersonic  Mach  numbers  of  1.4  and  1.8. 

2.2.1  Non-spinning  tests 

Data  were  collected  for  the  Reynolds’  number  range  of  1.0  x  105  to 
4.0  x  10s  (based  on  maximum  body  diameter)  at  Mach  numbers  of  0.7, 
0.95,  1.4  and  1.8  to  assess  the  sensitivity  of  the  results  to 
variations  in  Reynolds  number.  All  other  tests  were  conducted  at  a 
Reynolds  number  of  Red  3  4.0  x  10s,  this  being  the  nearest  possible 
to  flight  Reynolds  numbers  (1.0  x  10s  to  2.0  x  ID5  )  without 
overloading  the  balance. 

The  boundary  layer  trip,  described  in  figure  1,  was  used  to  ensure  a 
turbulent  boundary  layer  over  the  shell  body  to  simulate  flow 
conditions  expected  at  the  higher  Reynolds  numbers  of  the  full  scale 
shell.  Surface  flow  visual ization  was  used  to  check  the 
effectiveness  of  the  boundary  layer  trip  and  it  revealed  that  at  low 
incidences  a  turbulent  boundary  layer  existed  virtually  everywhere 
aiong  the  body  of  the  shell,  except  for  a  very  small  portion  at  the 
nose  tip. 

The  base  pressure  on  the  model  was  measured  and  a  correction  applied 
such  that  the  C{ X )  values  presented  represent  the  shell  with  a 
uniform  pressure,  equal  to  free  stream  static,  acting  over  the  base 
area.  No  corrections  have  been  applied  to  allow  for  the  expected 
base  pressure  in  flight  or  for  the  differences  in  skin  fricton 
coefficient  between  model  and  fuli  scale. 

The  experimental  procedure  consisted  of  establishing  the  required 
tunnel  flow  conditions  and  then  conducting  pitch  and  roll  traverses 
for  the  pitch  angle  range  of  -4®  to  20®  (in  1®  increments)  and  for 
the  roll  angle  range  of  6®  to  360®  (in  15®  increaents).  Note  that 
zero  roll  angle  position  is  defined  in  figure  4. 
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2.2.2  Spinning  tests 

Spinning  tests  were  conducted  at  a  fixed  Reynolds  number  of  about 
4.0  x  10 5  for  all  Mach  numbers.  The  experimental  procedure  involved 
establishing  the  required  tunnel  flow  conditions,  setting  the 
required  model  roll  rate  by  adjusting  the  motor  supply  pressure,  and 
then  conducting  a  pitch  traverse  of  the  model  from  -4J  to  20°, 
taking  data  at  one  degree  intervals.  For  the  tests  at  zero  roll 

rate  it  was  found  necessary  to  shut  off  the  air  supply  to  the  model 
air-bearings,  otherwise  the  torque  generated  by  the  grooves  of  the 
driving  band  was  sufficient  to  produce  a  small  steady  roll  rate. 
With  no  air  supplied,  the  friction  between  the  air-bearing  surfaces 
prevented  the  model  from  rolling.  For  consistency,  all  non-rolling 
tests  were  conducted  at  zero  roll  orientation,  as  defined  in 
figure  4. 


2.3  Accuracy  of  results 

The  results  consist  of  aerodynamic  force  and  moment  coefficients  at 
given  Mach  numbers,  Reynolds  numbers,  incidences,  roll  angles  and  roll 
rates.  The  sources  of  error  and  the  accuracy  applicable  to  each  item 
are  discussed  below. 

(a)  Force  and  moment  coefficients 

The  major  sources  of  error  are  expected  to  be  due  to  the  dynamic 
effects  of  the  spinning  model  (Magnus  balance  only)  i.e., 
vibration  and  the  discharge  of  exhaust  air.  Under  static 
conditions  both  balances  are  capable  of  measuring  forces  and 
moments  to  an  accuracy  of  0.1£.  No  attempt  was  made  to  calibrate 
the  Magnus  balance  under  dynamic  conditions,  but  comparison  of 
spinninq  and  non-spinning  tests  indicated  that  discrepancies  were 
small,  generally  less  than  0.5,1.  A  conservative  estimate  of  the 
maximum  percentage  uncertainty  in  the  force  and  moment 
coefficients  for  both  balances  would  therefore  be  U. 

An  absolute  uncertainty  also  exists  in  each  force  and  moment 
coefficient,  which  is  independent  of  local  coefficient  value,  and 
arises  mainly  from  the  resolution  1‘mits  of  the  measuring  system, 
balance  drift,  temperature  changes  and  noise  levels  (i.e. 
vibrations)  in  the  balance  output.  This  uncertainty  is  variable 
with  Mach  number  and  incidence,  but  is  of  a  maximum  order  of  0.01 
for  al 1  coefficients. 


(b)  Mach  numbers 

The  Mach  number  is  manually  controlled  from  observation  of  the 
stagnation  pressure  in  the  settling  chamber  and  the  static 
pressure  in  the  working  section.  Mach  numbers  are  held  to  within 
G.Cl  of  the  nominal  figure,  and  this  is  also  the  level  of  spatial 
uncertainty  in  the  centreline  Mach  number  of  the  working  section. 
No  corrections  have  been  applied  for  the  effects  of  blockage. 
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(c)  Reynolds  numbers 

The  stagnation  temperature  of  the  funnel  air  flow  is  uncontrolled 
and  varies  slowly  during  a  tunnel  run  c&usinq  a  corresponding 
change  in  Reynolds  number.  For  each  particular  run  the 
uncertainty  in  the  Reynolds  number  was  within  5%  of  the  nominal 
value. 

(d)  Pitch  and  roll  angle 

Errors  in  support  attitude  measurement  and  sting  bending 
correction  produce  an  uncertainty  in  attitude  measurement  of  less 
than  0.01J.  However  airflow  direction  on  the  tunnel  axis  is 
uniform  only  to  within  0.2°,  so  that  this  is  a  more  realistic 
estimate  of  the  uncertainty  in  the  incidences  quoted.  Roll 
angks  were  measured  to  within  0.1J. 

(e)  Roll  rate 

Roll  rates  were  obtained  from  a  counter  which  displayed  the  total 
number  of  pulses  received  each  second  from  the  model,  which 
generated  ten  pulses  per  revolution.  Data  were  taken  only  after 
a  steady  roll  rate  had  been  reached  although  small  changes 
inevitably  occcured  as  the  incidence  was  varied  durinq  a  run. 
The  roll  rate  given  for  each  data  point  is  therefore  accurate  to 
within  0.1  rev/s,  but  the  approximate  roll  rates  for  an  entire 
run  may  have  uncertainties  of  up  to  5  revs/s. 


3.  PRESENTATION  AND  DISCUSSION  OF  RESUITS 


3.1  Presentation  of  results 

figure  4  shows  *he  axis  system  used  in  the  presentation  of  the 
results.  The  origin  of  the  system  is  at  tne  base  of  the  sneti  model 
fi.e.  5.630  calibers  from,  the  nose  tip).  The  ?ero  roll  orientation 
was  chosen  to  be  with  the  fuse  delay  adjustwnt  screw  hole  on  the 
windward  streamline. 

Rv suits  are  presented  in  a  coefficient  form  (using  the  reference 
quantities  and  axis  system  above)  in  figures  6  to  11,  whe-e  selected 
results  have  been  plotted  to  illustrate  the  trends  revealed  as 
functions  of  incidence,  Kach  number,  Reynolds  number,  roll  angle  and 
roll  rate. 
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3.2  Test  results 
3.2.1  Non-spinning  tests 

(a)  Effect  of  roll  angle 

The  effect  of  roll  angle  was  found  to  be  negligible  for  all  but 
the  C(Y)  and  C(n)  coefficients  at  incidences  greater  than  15". 
Figure  5  illustrates  the  variation  of  the  measured  coefficients 
with  roll  angle  at  a  Mach  number  of  0.7  and  20°  incidence.  The 
variation  shown  in  the  C ( Y }  and  C(n)  coefficients  is  most 
probably  attributable  to  asymmetric  vortex  separation  of  the 
cross  flow  due  to  slight  asymmetries  of  the  model. 

(b)  Effect  of  Reynolds  nuaber 

Figure  6  shows  the  effect  of  Reynolds  number  on  C(X),  C ( 2 )  and 
C(m)  coefficients.  The  effect  of  Reynolds  number  on  all  other 
coefficients  was  very  small.  The  vacation  of  C ( X }  with 
Reynolds  number,  at  low  incidence,  is  consistent  with  expected 
changes  in  skin  friction  coefficient,  while  changes  occurring 
in  C ( 2 )  and  C{m)  at  high  incidence  are  due  to  changes  in  cross 
flow  drag  coefficient  with  Reynolds  number.  The  changes  in 
cross  flow  drag  coefficient,  which  are  produced  by  changes  in 
flow  separation  in  the  cross-flow  plane  of  the  body,  reduce  the 
Reynolds  number,  dependence  of  C( X )  at  the  higher  incidences. 
The  observed  changes  in  C(2;  and  C(m)  at  high  incidence 
indicate  that  tne  cross  flow  characteristics  of  the  shell  are 
above  the  critical  at  the  highest  Reynolds  number  and  therefore 
the  results  would  be  expected  to  be  in  close  agreement  with 
full  scale. 


(c)  Effect  of  Hacb  number  and  incidence 

Values  of  the  side  force  .ind  yawing  moment  coefficients  are 
near  zero  below  15’  incidence  (for  all  Mach  numbers)  but. 
increase  noticeably  thereafter  indicating  the  beginning  of  an 
asymmetric  vortex  wake.  No  side  force  and  yawing  moment  data 
are  presented  here;  they  are  covered  later  under  the  effects  of 
spin  rate.  The  ro?l»r«g  moment  coefficient,  C(l),  is  near  «ero 
throughout  the  pitch  and  Mach  number  range  and  therefore  no 
data  ts  presented. 

The  wind  tunnel  C(X)  data,  at  the  maximus*  test  Reynolds  number, 
and  for  a  base  pressure  coefficient  of  tern,  is  chared  with 
flight  measured  data  (reference  4}  in  figure  7. 

Figure  8  shows  the  effect  of  Hath  number  and  incidence  on 
CfX).  C(Z),  C(m)  and  CP(Z)  -'ceff if ients.  The  normal  force  and 
pitching  aso*ent  coefficients  are  continuous  functions  of 
incidence  up  to  20*  for  all  Mach  numbers  ftote  that  the 
pitching  moment  data  is  calculated  relative  to  the  base  of  the 
shell  rather  than  its  centre  of  gravity  and  so  may  be  less 
meaningful  than  the  centre  of  pressure  in  the  pitch  plane, 
which  is  plotted  in  figure  8d.  This  shows  that  for  subsonic 
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conditions  the  centre  of  pressure  is  well  forward  throughout 
the  incidence  range,  generally  less  than  2  calibres  from  the 
nose,  and  varies  considerably  with  Mach  number  and  incidence, 
being  furthect.  forward  for  transonic  and  low  incidence 
condi  tior, ,,  The  supersonic  centres  of  pressure  within  the 
inr. hence  range  are  further  back  (up  to  calibres  from  the 
nose',  and  are  les*  variable  with  incidence.  Note  that  the 
centres  of  pressure  M‘-»  been  derived  from  the  division  of  a 
moment  coefficient  by  a  force  coefficient  for  incidences  aoove 
4',  and  have  been  faired  ’:ito  a  zero  incidence  value  determined 
by  the  ratio  of  the  slopes  of  the  same  coefficients  against 
incidence. 


3.2.2  Spinning  tests 

(a)  Comparison  of  results  fro*  spinning  and  non-spinning  balances 

As  detailed  in  Section  2.1, the  spinning  tests  were  conducted  on 
a  separate  balance  which  measured  C(V),  C(2),  C(ffl)  and  C(n) 
only.  Prior  to  the  spinning  tests,  non-rolling  results  were 
obtained  for  the  maximum  Reynolds  number  case  with  the  model 
static  in  the  zero  roll  orientation.  These  results  were 
compared  to  non-spinning  balance  data  and  the  correlation  was 
found  to  be  excellent  for  all  coefficients  throughout  the  full 
incidence  and  Macn  number  range.  The  correlation  Between  C ( 2 } 
and  C(m)  data  for  Mach  number  -  l.Q  is  illustrated  in  figure  9. 

No  base  pressure  or  internal  pressures  were  measured  for.  the 
spinning  tests  and  any  effect  of  turbine  and  bearing  am 
exhaust  on  the  measured  coefficients  is  not  known  but  is 
believed  to  be  small. 

(b)  Effect  of  spin  rate 

Figure  (0  illustrates  that  spin  rate  was  found  to  have  little 
effect  on  the  norma!  force  and  pitching  moment  coefficients, 
but  a  significant  effect  on  side  force  and  yawing  moment. 
Therefore  no  C (II  or  C(m)  data  are  presented  here,  since  they 
have  been  previously  covered  under  non*«pinnsng  tests. 

Figure  U  shows  the  effects  of  incidence  and  spin  rate 
on  the  side  (Magnus.)  force  and  yawing  moment  coefficients,  the 
side  force  and  yawing  augment  coefficients  increase  hneartly 
with  increasing  spin  rate  and  incidence  at  t'e  lower  Mach 
numbers.  However  the  rate  of  increase  reduce*  as  the  Mach 
number  increases  and  the  results  become  more  nonlinear, 
particularly  at  transonic  and  low  supersonic  speeds. 
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Figure  12  shows  a  plot  of  the  centre  of  pressure  of  the  side 
(Magnus)  force  vs  Mach  number  at  the  maximum  spin  rate  tested. 
It  was  found  that  in  general  tne  position  of  CP(Y)  was  not  very 
sensitive  to  the  magnitude  of  the  spin  rate  and  tne  trends 
shown  here  are  typical  for  all  ether  spin  rates.  The  anomalous 
point  at  an  incidence  of  15  and  a  Mach  number  of  1.4  is 
produced  by  the  discontinuities  in  the  slopes  of  the  C(Y)  and 
C(n)  curves  against  spin  rate  for  this  condition  as  shown  in 
figures  1 1 ( k )  and  11(1).  The  relative  magnitudes  of  these 
slope  changes  indicate  that  the  loss  of  side  force  (below  a 
possible  linear  increase  with  spin  rate)  is  occurring  in  the 
boattail  region  of  the  shell.  i*  is  known  that  the  reflected 
bow  shock  waves  pass  close  to  l,.e  shell  base  for  this  Mach 
number  but  it  is  not  known  if  this  is  the  source  of  the  anomal- 
or  if  it  is  due  to  an  interaction  between  the  cross  flow- 
separation  and  the  shell  spin  rate. 


3.3  Concluding  reoarks 

Tne  results  indicate  that  the  use  of  nose-mounted  controls  to  control 
tne  attitude  and  hence  the  flight  path  of  a  I55mfn  shell  is  unlikely  to 
be  very  effective  within  the  subsonic  and  transonic  Mach  number  range. 
Tms  is  because  the  centre  of  pressure  in  the  pitch  plane  is  situated 
very  close  to  the  iikely  control  position,  and  is  strortqly  affected  by 
Macn  number  and  incidence.  A  control  force  applied  near  the  nose  to 
produce  trim  at  incidence  would  therefore  be  almost  epuat  and  opposite 
to  the  body  normal  force  The  resultant  norma!  force  coefficient  at 
•.rim  ,cero  pttcninq  moment)  would  be  small  and  highly  variable  with 
Macn  number  and  incidence.  This  is  particularly  true  at  low 
incidences.  Side  iMagnus)  forces  are  also  small  and  are  non-linear  at 
high  incidences  and  nigh  :f<jch  numbers,  so  would  also  be  of  limited 
value  for  trajectory  control. 
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FIGURE  1 : 155  mm  SHELL  -  1/3RD  SCALE  MODEL  DIMENSIONS 


FIGURE  2:  ASSEMBLY  OF  MODEL  ON  BALANCES 


t 


FIGURE  3:  MODEL  ON  THE  MAGNUS  BALANCE,  SHOWING  INTERNAL  DETAILS 


FIGURE  4:  AXIS  SYSTEM  USED  IN  PRESENTATION  OF  RESULTS 


FIGURE  5  EFFECT  OF  ROLL  ANGLE  ON  AERODYNAMIC  COEFFICIENTS  AT  MACH  NO.  =  0.7  AND  ©  =  20' 
(NON-  SPINNING  BALANCE) 


gasssgggg 

°0000°°o**Ss§ 


S  8  8  @  §  §  a 


SYMBOL  REYNOLDS 
NUMBER 


0 


Pitch  Angle  (deg) 

(a)  Axial  force  coefficient,  C(X)  vs  pitch  angle 


a 

o  »  £ 


-1.5  I - : _ L _ i _ l _ i _ ! _ i _ i _ i _ 

-5.0  -2.5  0  2.5  5.0  7.5  10.0  12.5  15.0  17.5  20.0 

Pitch  Angle  (deg) 

(b)  Normal  force  coefficient,  C(Z)  vs  pitch  angle 

FIGURE  6:EFFECT  OF  REYNOLDS  NUMBER  ON  AERODYNAMIC  COEFFICIENTS 
C(X).  C(Z)  AND  C(m)  AT  MACH  NO.  =  0.7  AND  ROLL  ANGLE  =  0°. 
(NON-SPINNING  BALANCE) 
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FIGURE  7:  COMPARISON  OF  FLIGHT  MEASURED  C(X)  DATA  WITH  WIND  TUNNEL  RESULTS  (NON-SPINNING  BALANCE) 
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FIGURE  8:  EFFECTS  OF  MACH  NO.  AND  PITCH  ANGLE  ON  AERODYNAMIC 
COEFFICIENTS  C(X),  C(Z),  C(m)  AND  CP(Z)  AT 
REYNOLDS  NO.  =  4.0  X  105  AND  AT  ROLL  ANGLE  *  0*. 

(NON  -  SPINNING  BALANCE). 
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(a)  C(Z)  coefficient  (static  conditions,  zero  Roll  angle)  at  Mach  No.  =  1 .0 
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FIGURE  9:  COMPARISON  OF  STATIC  RESULTS  FROM  SPINNING  AND 
NON  -  SPINNING  BALANCES. 
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FIGURE  12:  CP(Y)  vs  MACH  NO.  AT  MAXIMUM  SPIN  RATE 
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